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As tick-borne diseases are on the rise, an international effort resulted in the sequence
and assembly of the first genome of a tick vector. This result promotes research on
comparative, functional and evolutionary genomics and the study of tick-host-pathogen
interactions to improve human, animal and ecosystem health on a global scale.
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TICK-BORNE DISEASES: A GROWING BURDEN FOR HUMAN
AND ANIMAL HEALTH WORLDWIDE
Ticks are obligate blood-feeding arthropod ectoparasites that are distributed worldwide and
one of the most important vectors of pathogens affecting humans and animals (Jongejan and
Uilenberg, 2004; de la Fuente et al., 2008). Globally, emerging and re-emerging tick-borne diseases
exert an enormous impact on public health (Jones et al., 2008). Urbanization, exploitation of
environmental resources and outdoor recreational activities increase human contact with ticks and
the transmission of tick-borne pathogens (Gortazar et al., 2014). In addition, tick populations are
expanding due to changes in climate (Estrada-Peña et al., 2014) and new tick-borne diseases are
emerging (Kosoy et al., 2015; Kernif et al., 2016). However, despite the growing burden that tick-
borne diseases represent for human and animal health worldwide, the pace of research in this area
has been restricted by the lack of access to a completed tick genome. The recent description of the
first tick genome is therefore timely and a spur to future research (Gulia-Nuss et al., 2016).
THE FIRST TICK GENOME SEQUENCED AND ASSEMBLED:
RESULTS AND POSSIBILITIES
More recently, a global consortium of 93 scientists described the 2.1 Gbp nuclear genome of the
black-legged tick, Ixodes scapularis (Say) (Gulia-Nuss et al., 2016). This tick species is a vector
of pathogens that cause, among others, the emerging diseases Lyme disease [Lyme borreliosis
is the most common tick-borne disease in Europe and the U.S. (Centers for Disease Control
and Prevention (CDC), 2016; European Centre for Disease Prevention and Control (ECDC),
2016)], human granulocytic anaplasmosis (HGA), babesiosis and tick-borne encephalitis (TBE)
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(Wormser et al., 2006). The genome of I. scapularis Wikel strain
was sequenced in a joint effort by the Broad Institute of MIT and
Harvard and The J. Craig Venter Institute (JCVI) and funded
by the National Institute of Allergy and Infectious Diseases,
National Institutes of Health. Annotation for this assembly
was produced in a joint effort between JCVI and VectorBase
(https://www.vectorbase.org/) with support from The Broad
Institute (Gulia-Nuss et al., 2016).
The I. scapularis project proved challenging due to the
large size and high repeat content of the genome. However,
the results show the assembly and description of features
associated with ∼57% of the genome. As the only assembly
available for a tick, the I. scapularis genome constitutes an
invaluable reference for comparative genomic analyses, including
resolution of phylogenetic relationships within the diverse
phylum Arthropoda. Analysis of the I. scapularis genome
revealed new features that may be unique to this organism
and with important implications for future research. Highlights
include the identification of two new repeat elements, a large-
scale gene duplication event that likely occurred ∼40 MYA
coinciding with tick radiation, gene exon-intron structures more
closely resembling that of an ancient protostome/deuterostome
ancestor than of extant arthropods examined to date, an
expansion of Kunitz domain proteins and other proteins
FIGURE 1 | Example of the advance in the characterization of tick-pathogen interactions based on the sequence and assembly of the I. scapularis
genome. Transcriptomics data was obtained from Ayllón et al. (2015).
implicated in tick blood feeding, possible remnants of a heme
synthesis pathway contrasting with an expansion of heme carrier
and storage proteins. Also identified were orthologs for at least
39 invertebrate neuropeptides and neuropeptide receptor genes
that are believed or known to regulate tick diuresis, ecdysis,
cuticle synthesis, blood feeding and reproduction. The genome
contains one of the largest expansions of cytochrome P450
genes known for sequenced arthropods, suggesting potential for
rapid development of acaricide resistance in ticks, and it will be
important to explore the families of candidate acaricide targets
uncovered by genome analyses, the de-orphanisation of which is
underway.
The first genome-wide population genomics study suggested
genetic variation between ticks from Lyme prevalent northern
and mid-western states compared with southern states in the
U.S., paving the way for identification of genes tied to vector
competence (Gulia-Nuss et al., 2016). The I. scapularis genome
sequence and annotation also contributed to the characterization
of the transcriptome in related tick species such as I. ricinus
(Genomic Resources Development Consortium et al., 2014;
Kotsyfakis et al., 2015), the main vector for tick-borne pathogens
of public health importance in Europe. Additional studies that
explore the biology of I. scapularis and other tick species, and
extend genome analyses were described based on the publication
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of the I. scapularis genome sequence (e.g., Cabezas-Cruz et al.,
2016; Carr et al., 2016; Egekwu et al., 2016; Grabowski et al.,
2016; Van Zee et al., 2016; Zhu et al., 2016). The I. scapularis
genome also provides a key reference for comparative genomics
with other Parasitiformes like the western orchard predatory
mite (Hoy et al., 2016), as well as across Chelicerata where
large genome sizes often make sequencing and assembly a very
challenging undertaking.
Recent results on the characterization of tick-host and tick-
pathogen interactions highlighted the impact of I. scapularis
genome sequence and assembly on these studies (Figure 1).
Transcriptomics, proteomics and metabolomics studies showed
the tissue-specific tick response to infection with Anaplasma
phagocytophilum, the causative agent of HGA (Ayllón et al.,
2015; Villar et al., 2015; Alberdi et al., 2016). Complementary
proteomics analyses also revealed proteins associated with
transmission of A. phagocytophilum and the encephalitis-
causing Langat virus (Grabowski et al., 2016; Gulia-Nuss et al.,
2016). New advances in experimental approaches using omics
technologies also boost our knowledge of the tick-host interface
(Sojka et al., 2013; Schwarz et al., 2014; Chmelarˇ et al., 2016a,b).
Finally, the analysis of the evolution of tick-host-pathogen
interactions suggested conflict and cooperation between hosts,
vectors and pathogens (de la Fuente et al., 2016a).
CONCLUSIONS AND FUTURE
DIRECTIONS
The features discovered in the I. scapularis genome provide
insights into parasitic processes unique to ticks, including
host “questing,” prolonged feeding, cuticle synthesis,
blood meal concentration, novel methods of hemoglobin
digestion, heme detoxification, vitellogenesis, reproduction,
oviposition, prolonged off-host survival and host-tick-
pathogen interactions. The I. scapularis gene models will
advance research on comparative and functional genomics,
while the assembly and physical map will underpin much
needed studies of tick genetics. Recent efforts addressed
the need for additional tick genomic resources by focusing
on tick species relevant for human and animal health
(Guerrero et al., 2010; Cramaro et al., 2015). Advances in
tick genomics have also facilitated the characterization of
the impact of co-infections and microbiome composition
on tick vector capacity (Narasimhan and Fikrig, 2015;
Vayssier-Taussat et al., 2015). These results greatly improve
our understanding of tick biology and will advance research
on tick-host-pathogen interactions to develop effective and
environmentally friendly measures to control ticks and the
many pathogens and parasites they transmit (de la Fuente and
Contreras, 2015; Benelli et al., 2016; Carr and Roe, 2016; de la
Fuente et al., 2016b; Esteve-Gassent et al., 2016; Kuleš et al.,
2016).
AUTHOR CONTRIBUTIONS
All authors listed, have made substantial, direct and intellectual
contribution to the work, and approved it for publication.
FUNDING
The National Institutes of Health, the National Institute of
Allergy and Infectious Diseases and the U.S. Department of
Health and Human Services provided principle funding for the
sequence and assembly of the I. scapularis genome.
REFERENCES
Alberdi, P., Mansfield, K. L., Manzano-Román, R., Cook, C., Ayllón, N., Villar,
M., et al. (2016). Tissue-specific signatures in the transcriptional response to
Anaplasma phagocytophilum infection of Ixodes scapularis and Ixodes ricinus
tick cell lines. Front. Cell. Infect. Microbiol. 6:20. doi: 10.3389/fcimb.2016.
00020
Ayllón, N., Villar, M., Galindo, R. C., Kocan, K. M., Šíma, R., López, J.
A., et al. (2015). Systems biology of tissue-specific response to Anaplasma
phagocytophilum reveals differentiated apoptosis in the tick vector Ixodes
scapularis. PLoS Genet. 11:e1005120. doi: 10.1371/journal.pgen.1005120
Benelli, G., Pavela, R., Canale, A., and Mehlhorn, H. (2016). Tick repellents and
acaricides of botanical origin: a green roadmap to control tick-borne diseases?
Parasitol. Res. 115, 2545–2560. doi: 10.1007/s00436-016-5095-1
Cabezas-Cruz, A., Alberdi, P., Ayllón, N., Valdés, J. J., Pierce, R., Villar,
M., et al. (2016). Anaplasma phagocytophilum increases the levels of
histone modifying enzymes to inhibit cell apoptosis and facilitate pathogen
infection in the tick vector Ixodes scapularis. Epigenetics 11, 303–319. doi:
10.1080/15592294.2016.1163460
Carr, A. L., and Roe, M. (2016). Acarine attractants: chemoreception,
bioassay, chemistry and control. Pestic. Biochem. Physiol. 131, 60–79. doi:
10.1016/j.pestbp.2015.12.009
Carr, A. L., Sonenshine, D. E., Strider, J. B. Jr., and Roe, R. M. (2016). Evidence
of female sex pheromones and characterization of the cuticular lipids of unfed,
adult male versus female blacklegged ticks, Ixodes scapularis. Exp. Appl. Acarol.
68, 519–538. doi: 10.1007/s10493-015-0009-y
Centers for Disease Control and Prevention (CDC) (2016). Tick-borne diseases of
the United States. Available online at: http://www.cdc.gov/ticks/diseases/
Chmelarˇ, J., Kotál, J., Kopecký, J., Pedra, J. H., and Kotsyfakis, M. (2016b). All for
one and one for all on the tick-host battlefield. Trends Parasitol. 32, 368–377.
doi: 10.1016/j.pt.2016.01.004
Chmelarˇ, J., Kotál, J., Karim, S., Kopacek, P., Francischetti, I. M., Pedra, J. H., et al.
(2016a). Sialomes andmialomes: a systems-biology view of tick tissues and tick-
host interactions. Trends Parasitol. 32, 242–254. doi: 10.1016/j.pt.2015.10.002
Cramaro, W. J., Revets, D., Hunewald, O. E., Sinner, R., Reye, A. L., and Muller, C.
P. (2015). Integration of Ixodes ricinus genome sequencing with transcriptome
and proteome annotation of the naïve midgut. BMC Genomics 16:871. doi:
10.1186/s12864-015-1981-7
de la Fuente, J., and Contreras, M. (2015). Tick vaccines: current status
and future directions. Expert Rev. Vaccines 14, 1367–1376. doi:
10.1586/14760584.2015.1076339
de la Fuente, J., Estrada-Peña, A., Venzal, J. M., Kocan, K. M., and Sonenshine, D.
E. (2008). Overview: ticks as vectors of pathogens that cause disease in humans
and animals. Front. Biosci. 13, 6938–6946. doi: 10.2741/3200
de la Fuente, J., Kopácˇek, P., Lew-Tabor, A., and Maritz-Olivier, C. (2016b).
Strategies for new and improved vaccines against ticks and tick-borne diseases.
Parasite Immunol. doi: 10.1111/pim.12339. [Epub ahead of print].
de la Fuente, J., Villar, M., Cabezas-Cruz, A., Estrada-Peña, A., Ayllón, N., and
Alberdi, P. (2016a). Tick-host-pathogen interactions: conflict and cooperation.
PLoS Pathog. 12:e1005488. doi: 10.1371/journal.ppat.1005488
Egekwu, N., Sonenshine, D. E., Garman, H., Barshis, D. J., Cox, N., Bissinger,
B. W., et al. (2016). Comparison of synganglion neuropeptides, neuropeptide
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3 September 2016 | Volume 6 | Article 103
de la Fuente et al. Tick Genome Assembled
receptors and neurotransmitter receptors and their gene expression in response
to feeding in Ixodes scapularis (Ixodidae) vs.Ornithodoros turicata (Argasidae).
Insect Mol. Biol. 25, 72–92. doi: 10.1111/imb.12202
Esteve-Gassent, M. D., Castro-Arellano, I., Feria-Arroyo, T. P., Patino, R., Li, A.
Y., Medina, R. F., et al. (2016). Translating ecology, physiology, biochemistry,
and population genetics research to meet the challenge of tick and tick-
borne diseases in north America. Arch. Insect Biochem. Physiol. 92, 38–64. doi:
10.1002/arch.21327
Estrada-Peña, A., Ostfeld, R. S., Peterson, A. T., Poulin, R., and de la Fuente, J.
(2014). Effects of environmental change on zoonotic disease risk: an ecological
primer. Trends Parasitol. 30, 205–214. doi: 10.1016/j.pt.2014.02.003
European Centre for Disease Prevention and Control (ECDC) (2016). Tick-borne
diseases. Available online at: http://ecdc.europa.eu/en/healthtopics/emerging_
and_vector-borne_diseases/tick_borne_diseases/pages/index.aspx
Genomic Resources Development Consortium, Contreras, M., de la Fuente, J.,
Estrada-Peña, A., Grubhoffer, L., and Tobes, R. (2014). Genomic resources
notes accepted 1 April 2014 - 31 May 2014. Mol. Ecol. Resour. 14, 1095. doi:
10.1111/1755-0998.12298
Gortazar, C., Reperant, L. A., Kuiken, T., de la Fuente, J., Boadella,
M., Martínez-Lopez, B., et al. (2014). Crossing the interspecies barrier:
opening the door to zoonotic pathogens. PLoS Pathog. 10:e1004129. doi:
10.1371/journal.ppat.1004129
Grabowski, J. M., Perera, R., Roumani, A. M., Hedrick, V. E., Inerowicz, H. D.,
Hill, C. A., et al. (2016). Changes in the proteome of Langat-Infected Ixodes
scapularis ISE6 cells: metabolic pathways associated with Flavivirus infection.
PLoS Negl. Trop. Dis. 10:e0004180. doi: 10.1371/journal.pntd.0004180
Guerrero, F. D., Moolhuijzen, P., Peterson, D. G., Bidwell, S., Caler, E., Bellgard,
M., et al. (2010). Reassociation kinetics-based approach for partial genome
sequencing of the cattle tick, Rhipicephalus (Boophilus) microplus. BMC
Genomics 11:374. doi: 10.1186/1471-2164-11-374
Gulia-Nuss, M., Nuss, A. B., Meyer, J. M., Sonenshine, D. E., Roe, R.
M., Waterhouse, R. M., et al. (2016). Genomic insights into the Ixodes
scapularis tick vector of Lyme disease. Nat. Commun. 7:10507. doi:
10.1038/ncomms10507
Hoy, M. A., Waterhouse, R. M., Wu, K., Estep, A. S., Ioannidis, P., Palmer, W. J.,
et al. (2016). Genome sequencing of the phytoseiid predatory miteMetaseiulus
occidentalis reveals completely atomized Hox genes and superdynamic intron
evolution. Genome Biol. Evol. 8, 1762–1775. doi: 10.1093/gbe/evw048
Jones, K. E., Patel, N. G., Levy, M. A., Storeygard, A., Balk, D., Gittleman, J. L., et al.
(2008). Global trends in emerging infectious diseases.Nature 451, 990–993. doi:
10.1038/nature06536
Jongejan, F., and Uilenberg, G. (2004). The global importance of ticks. Parasitol.
129, S3–S14. doi: 10.1017/S0031182004005967
Kernif, T., Leulmi, H., Raoult, D., and Parola, P. (2016). Emerging tick-
borne bacterial pathogens. Microbiol. Spectr. 4:EI10-0012-2016. doi:
10.1128/microbiolspec.ei10-0012-2016
Kosoy, O. I., Lambert, A. J., Hawkinson, D. J., Pastula, D. M., Goldsmith, C.
S., Hunt, D. C., et al. (2015). Novel thogotovirus associated with febrile
illness and death, United States, 2014. Emerg. Infect. Dis. 21, 760–764. doi:
10.3201/eid2105.150150
Kotsyfakis, M., Schwarz, A., Erhart, J., and Ribeiro, J. M. (2015). Tissue- and
time-dependent transcription in Ixodes ricinus salivary glands and midguts
when blood feeding on the vertebrate host. Sci. Rep. 5:9103. doi: 10.1038/srep
09103
Kuleš, J., Horvatic´, A., Guillemin, N., Galan, A., Mrljak, V., and Bhide, M. (2016).
New approaches and omics tools for mining of vaccine candidates against
vector-borne diseases.Mol. Biosyst. 12, 2680–2694. doi: 10.1039/c6mb00268d
Narasimhan, S., and Fikrig, E. (2015). Tick microbiome: the force within. Trends
Parasitol. 31, 315–323. doi: 10.1016/j.pt.2015.03.010
Schwarz, A., Tenzer, S., Hackenberg, M., Erhart, J., Gerhold-Ay, A., Mazur,
J., et al. (2014). A systems level analysis reveals transcriptomic and
proteomic complexity in Ixodes ricinus midgut and salivary glands during
early attachment and feeding. Mol. Cell. Proteomics 13, 2725–2735. doi:
10.1074/mcp.M114.039289
Sojka, D., Franta, Z., Horn, M., Caffrey, C. R., Mareš, M., and Kopácˇek, P. (2013).
New insights into the machinery of blood digestion by ticks. Trends Parasitol.
29, 276–285. doi: 10.1016/j.pt.2013.04.002
Van Zee, J. P., Schlueter, J. A., Schlueter, S., Dixon, P., Sierra, C. A., and Hill, C.
A. (2016). Paralog analyses reveal gene duplication events and genes under
positive selection in Ixodes scapularis and other ixodid ticks. BMC Genomics
17:241. doi: 10.1186/s12864-015-2350-2
Vayssier-Taussat, M., Kazimirova, M., Hubalek, Z., Hornok, S., Farkas, R., Cosson,
J. F., et al. (2015). Emerging horizons for tick-borne pathogens: from the ‘one
pathogen-one disease’ vision to the pathobiome paradigm. Future Microbiol.
10, 2033–2043. doi: 10.2217/fmb.15.114
Villar, M., Ayllón, N., Alberdi, P., Moreno, A., Moreno, M., Tobes, R., et al. (2015).
Integrated metabolomics, transcriptomics and proteomics identifies metabolic
pathways affected by Anaplasma phagocytophilum infection in tick cells. Mol.
Cell. Proteomics 14, 3154–3172. doi: 10.1074/mcp.M115.051938
Wormser, G. P., Dattwyler, R. J., Shapiro, E. D., Halperin, J. J., Steere, A.
C., Klempner, M. S., et al. (2006). The clinical assessment, treatment, and
prevention of lyme disease, human granulocytic anaplasmosis, and babesiosis:
clinical practice guidelines by the Infectious Diseases Society of America. Clin.
Infect. Dis. 43, 1089–1134. doi: 10.1086/508667
Zhu, J., Khalil, S. M., Mitchell, R. D., Bissinger, B. W., Egekwu, N., Sonenshine,
D. E., et al. (2016). Mevalonate-farnesal biosynthesis in ticks: comparative
synganglion transcriptomics and a new perspective. PLoS ONE 11:e0141084.
doi: 10.1371/journal.pone.0141084
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 de la Fuente, Waterhouse, Sonenshine, Roe, Ribeiro, Sattelle
and Hill. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4 September 2016 | Volume 6 | Article 103
